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1. Abstract

Various kinds of pathogens and diseases are now threatening human lives, and their
precise and accurate detection and imaging are important to prevent the diseases as well
as to understand the biological phenomena. Here we reported a multi-mode nanoprobe
system which simultaneously provided highly sensitive detection, imaging, and
therapeutic functions in treating of pathogens or diseases. The multi-mode probe
consisted of magnetic nanoparticle, targeting molecules, fluorescence tag, and
radionuclide and each modality complemented each other to not only increase the
detection sensitivity but also eventually to enable the false-free detection of pathogens
and disease. Concurrently, the multi-mode nanoparticle also provided high therapeutic
effect through combination with biological molecules (e.g. sSiRNA) or by using heat
generation effect of magnetic component.



2. Introduction

Detection, imaging, and therapeutics of pathogens and diseases have become
important not only to understand their biological phenomena but also to elucidate and to
prevent diseases.” Recently, various pathogens induce many fatal diseases and have
been threatening human lives.? Therefore, fast, accurate and false-free detection and
imaging of these pathogens and diseases are critical to understand their metabolic
phenomena and to develop defense system against them. Furthermore, once found, the
effective Killing of such biological targets without harming neighboring biological
environments is also important.
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Figure 1. A schematic of multi-mode imaging and therapeutic probe proposed in this research. The
magnetic nanoparticle, biomolecules, optical tag, and radionuclide are integrated into one
nanoparticular system which acts as multiplex platform for multi-modal imaging and therapeutics of
pathogens.

Typically, imaging techniques including fluorescence, surface plasmon resonance
(SPR), and magnetic resonance imaging (MRI1)**® have been independently used as a
single modality. However, in many cases, single imaging modality is not good enough
for accurate imaging and exhibits relatively high false-detection rate. Rather, double or
triple imaging modality which complements each modality can provide more accurate
information of the pathogens or diseases. (Figure 1) Simultaneously, for the success of
multi-mode imaging, the development of nanoparticle based probe is pre-requisite,
which can boost up the imaging accuracy and sensitivity significantly. In this project,
we developed nanoparticle based multi-mode imaging and therapeutic probe for the
highly accurate detection and therapeutics of biological pathogens.

3. Approaches
1) Approach
Our research was focused on the development of multi-mode probes and their



applications on the detection and therapeutic of pathogens and disease. Various imaging
modalities (e.g. magnetic core, optical tag, and radionuclide etc.) with target specific
biomolecules were integrated into one hybrid nanoparticle via molecular linkers.

In the step 1 (see Figure 2), multi-mode probe was specifically bind to the
pathogenic targets through selective biomolecular interactions such as antigen —
antibody. In the step 2, such binding events and targeting was detected and imaged by
MRI, PET (positron emission tomography), and fluorescence. At this point, MRI and
PET provided macroscopic imaging of larger than millimeter sized area and subsequent
fluorescence imaging enabled microscopic information of the pathogen targets, where
more detailed spatial and chemical/biological information of the pathogens was possible.
In the step 3, when these were located, multi-mode nanoparticle could kill the pathogen
by using gene (siRNA) or heat generated from magnetic core. As a consequence, multi-
mode probes will provide highly sensitive detection/imaging and therapeutic platform
of pathogens.
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Figure 2. Schematic of multi-modal imaging and therapeutics of pathogens using multi-mode hybrid
nanoprobe. The multi-mode hybrid nanoprobes exhibit the specific targeting and provide both macroscale
and sub-cellular imaging for attaining biological information of pathogens, which is followed by their death
using magnetic hyperthermia.

As a model case study, in the first research year, we performed the feasibility study
of dual mode magnetic-radioactive nanoparticle for the dual mode detection.
Furthermore, in the following year, the utilization of multi-mode magnetic-bioactive-
optical hybrid nanoparticle was demonstrated for accurate detection and therapeutics of



cancer.

2) Uniqueness of the approach

With single modality imaging only, the false-detection rate is high. The major
uniqueness of our approach is the accurate detection and simultaneous therapeutics of
pathogens by means of multi-modality.

3) Research contents
The 1% year (2008.03~2009.02): Development of multi-mode imaging probe
nanoparticles
- Development of magnetic nanoparticles with high magnetism for diagnosis and
therapy:
a. examination of MR signal enhancement effect of various magnetic
nanoparticles
b. examination of heat generation ability of various magnetic nanoparticles
(therapeutic effect: ~50 %)
- Development of dual-mode convergence nanoparticles: magnetic-radioactive
convergence nanoparticles (MRI-PET probe)
- Feasibility test for pathogens or disease detection, imaging and therapy using
dual mode nanoprobe
sensitivity: ~ mM of biological targets

The 2" year (2009.03~2010.02): Convergence nanoparticles for multi-mode
diagnosis and therapy
- Development of magnetic nanoparticles with high magnetism for therapy:
examination of heat generation ability of various magnetic nanoparticles
(therapeutic effect: ~80 %)
- Development of multi-mode convergence nanoparticles: magnetic-optical-
radioactive convergences nanoparticles (MRI-PET-fluorescence probe)
- Feasibility test for pathogen detection, imaging and therapy using multi-mode
nanoprobe
target pathogens: diseases or bacterial targets
sensitivity: nM~pM of biological targets (single pathogen particle and cellular
imaging)



4. Results and discussion

4-1. Development of magnetic nanoparticles with high magnetism for diagnosis

and therapy

To enhance the efficacy of disease diagnostic and therapy, the development of

magnetic nanoparticles with high magnetism is one of the important issues. Among
various magnetic nanoparticles, iron oxide has been mostly utilized in various
biological applications because of their low toxicity and chemical stability. In previous
project (phase I, FA4869-08-1-4016), to enhance the magnetic property of nanoparticle,
we doped Mn ion in iron oxide. In this project, besides Mn, Zn was doped in iron oxide
and, as shown in figure 3a, synthesized Zn and Mn doped magnetic nanoparticles had
highly monodispered and possessed single crystallinity. It showed highly enhance
magnetic property which was highly enhanced than iron oxide. (ZngsMnggFe,Oq:
175emu/g, Fe3O4: 110 emu/g) Enhanced magnetic properties of the developed
nanoparticle brought the enhanced MR contrast effect. Compared to Feridex,
(Zno.4Mng ¢)Fe,O4 showed about ca. 8 times superior MR signal which make possible
ultra-sensitive pathogen detection.
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Figure 3. (a) TEM (transmission electron microscope) and HR (high-resolution)-TEM image of Zn
doped Imagentic nanoparticle. (b) Comparison of MR contrast effect among various magnetic

nanoparticles.

Besides the MR signal enhancing effect, the developed nanoparticle showed
superior heat generation effect, which made them possible to be utilized in disease
therapy. Magnetic nanoparticles generated heat under AC magnetic field. They could
reach 100 Celsius in short time so they could be very effective in killing pathogens.
(Figure 4a) The developed nanoparticles showed high heat generation efficacy
(specific loss power, SLP) and, as shown in figure 4b, it showed ca. 4 times bigger



than Feridex. The high SLP resulted superior cancer therapeutic efficacy than
commercial iron oxide, Feridex, when they were treated on cancer cell with same
concentration. The percentage of dead cell was 84.4 % in the case of (Zno.4Mng¢)Fe,04
and 13.5% in the case of the Feridex after treatment of AC magnetic field.
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Figure 4. (a) Schematics of magnetic particle induced hyperthermia. The comparison of (b) the

SLP value and (c, d) cancer cell killing effect between Feridex and the developed nanoparticle.

Therefore, we could obtain magnetic nanoparticles with high magnetism by
doping Zn and Mn ion, which could be utilized for sensitive detection and effective
therapy of disease. (Angew. Chem. Int. Ed. 2009, 48, 1234)

4-2. Development of dual mode magnetic-radioactive convergence
nanoparticles (MRI-PET probe)

MR imaging has advantages on the resolution and anatomical information
compared to other imaging tools while it has limitation on sensitivity. In this study, as a
prototype of multi-mode nanoparticle, magnetic-radioactive dual mode nanoparticles
were developed to perform MRI-PET dual mode imaging, which was expected to
provide advantages on high sensitivity and resolution. 1-124, PET agent, was
introduced on MnFe,O4 which was developed in phase 1. 1-124 was selectively bound
onto the tyrosine group of albumin which was attached on magnetic core. (Figure 5a)
The synthesized dual mode MRI-PET probe showed both MR and PET signals nicely
as shown in figure 5b.
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Figure 5. (a) Schematics of the developed MR-PET dual mode probe and (b) MR and PET image of

phantom containing the dual mode probe.

The dual mode contrast agent was utilized to detect the sentinel lymph node which
was important in the cancer metastasis detection. (Figure 6a) In figure 6b-d, the dual
mode contrast agent successfully detected sentinel lymph node and when PET and MR
images were overlapped the sentinel lymph node site with high signal intensity in each
image perfectly matched. (Acc. Chem. Res. 2008, 41, 1630.)

d 124)

MRI fusion imag

[ I— :
PET signal

I" iniertinn <ita

== high

Figure 6. (a) Schematics of the detection of sentinel lymph node using MR-PET dual mode probe and
(b)PET, (c) MR, and (d) fusion images of rat which showed high signal in sentinel lymph node in both
PET and MRI.

4-3. Development of multi-mode convergence nanoparticle for pathogen
detection, imaging and therapy and their feasibility test



Based on the research for proto-type convergence nanoparticle (section 4-2), we
finally built multi-functional nanoparticle for simultaneous imaging, detection, and
therapy.

@ Magnetic core was utilized for MR signal enhancing to detect pathogen.
@ Fluorescence dye was attached for microscopic imaging in cellular level.
® RGD peptide was adopted for pathogen targeting.

@ siRNA was introduced for gene therapy and in this study siGFP which

deactivated the GFP expression was utilized as a feasibility test.

Figure 7. Schematic of multi-modal convergence nanoparticle.

The developed nanoparticle specifically detected cancer cell which have protein
owfBs while no MR signal was observed with cancer cell without the protein. In addition,
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Figure 8. Simultaneous pathogen detection, imaging, and therapy using multi-mode

nanoparticle.



red color in fluorescent image revealed the distribution of nanoparticles in cell. Also,
the nanoparticle successfully knocked-out the protein expression via gene expression.
(Angew. Chem. Int. Ed. 2009, 48, 4174)

5. Pay-off

Based on this project, it will be possible to develop smart and multi-functional
nanoparticle probes comprised of sensing, information, and actuation in a single
nanosystem and, therefore, can revolutionize current biomedical imaging techniques.
The multi-mode nanoparticles with capabilities of target-specificity, ultra-sensitive
probing, and therapeutic effects will enable accurate and false-free detection and pin-
pointing therapy of pathogens or diseases. Furthermore, our multi-mode nanoparticles
strategy can serve as a platform concept technology for the next generation biomedical
sensing techniques, which will be very useful for anti-pathogenic and anti-bio/chemical
warfares as well as normal biomedical applications.

10



6. Summary

We demonstrated high performance multi-functional nanoparticles. By integrating
individual nanoparticle components such as magnetic, bio-active, optical, radioactive,
and heat-generating materials into a single nanosystem via molecular linkers, it was
possible to develop a novel, highly versatile, multi-functional convergence nanoparticle
system for their multi-functional biomedical applications. Subsequently, we examined
their utility in multi-mode detection/imaging/therapeutic applications to realize
simultaneous accurate and false-free diagnosis and therapy of biological targets. The use
of the multi-mode nanoparticle probe can bring significant improvements of current
diagnosis and therapeutic techniques.
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Item Unit price ($) Amount Total ($)
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Critical Enhancements of MRI Contrast and Hyperthermic Effects by
Dopant-Controlled Magnetic Nanoparticles**
Jung-tak Jang, Hyunsoo Nah, Jae-Hyun Lee, Seung Ho Moon, Min Gyu Kim, and

Jinwoo Cheon*

Magnetic characienstics are erucial for the swecesiul per-
formances of magnetic nancparticles in Momedical applics-
tons such as magnelic resonance imaging (MRI), drug
delivery, cellular signaling, and hyperthermia '™ Therefore,
ithe development of new types of nanoparticles & particulady
important. [n this regand, 8 metal dopant substitution strategy
of metal ferrite pariicles has been p d o achieve
high and tunable nanomagnetism™ In the case of Zn™
doping, however, the we of nonequilibrivm reactions has
iLypically resulied in nonstoic hiome tric or me tasiable siates in
which Zn™ ioms are disorderad between T and O siten ¥ A
recent report of swocesslul Zn™ doping includes the we of
diethyl zine (EL:Zn) & a new L' ion source™ however,
because of the highly unsisble and pyrophoric natume of the
precursor, such a synthetic protocol for nanoparticles & sl
far from ideal for the achievement of large-scale reproduc
bility and precie dopanl controls In this study, we have
overcome a number of previous challenges; not only is size
monodispersity with a large-scale [ca. 10g) synthesi ach-
ieved, the proper positioning of Zn™ dopanis in T, siles in
melal ferrie nanoparticles is also demonstraied which
uliimately leads 1o swccemiul magnetism undng Ouwr
oblained nanoparticles exhibit an exiremely high magnet-
izalion value (175 emug™) and provide the largest MEI
contrast effects |2 = Sl mu s ™) among the conlrast agenls
repsoried Lo date . They have an e ght- o fowrtee nfold incne e
in MRI contrast and a fourfold enhancement in hyperthermic
effects compared Lo conventional iron exide nanoparticles.
For decades, iron odde {Fes(ly) nanoparticles have served
as the model material in the biomedicsl nesearch feld
amciated with magnetism ™ However, considering that the
elfects of magnetic nanoparticles for biomedical applications
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are strongly dependent on their magnetic chametersties, il is
important o devie nanoparticles with high and (unable
magnetism, especially saturation magnetization (M,) value,
while maintsining high siee monodispemily. For example,
nanoparticles with tunable magnetism, such as mangsnese-
doped metal ferrite and FeCo nanoparticles, have enhanced
MRI conlrasi effecis that are signilicanily superior Lo thal of
conventional iron oxide nanoparticles™ " This enhancement
is significant for clinical purposes as the nanoparticle probe
dosage level can be progressively lowered when using probes
ihat have improved contrast enhancement effeeta In the first
part of this study, we present alarge-scale, simple, and reliable
symthetic protocol to achieve Zn™ doping controlled metal
ferrile nanoparticles A one-pol thermal decompositon
method was wed, which involved a metal chlonde (MCL,
M=2Zn", Mn™, and Fe™) and iron irs-24-pentadionaie
{]Rs[ﬂ:‘h]g in the presence of oleic acid, oleylamine, and
octyl ether!™ The Zn™* doping kevel, a key parameter, was
canefully controlled by varying the indiial molar mido of the
metal chloride precuson. As shown in Figure 1a-¢, a series
of 15 nm sized Zo™ doped nanoparticles of { ZnMnn_ JFey
and (ZnFe, JFe0y (x=i, @1, 0.2, 03, (b4, and 08) with
single crystallinily and sire monodispersily (o< 5%) were

Flguw «. ) TEM image of 15 nm [Zn g Pege) fey Oy nanopantides.

b] Highsesolution TEM image of 15 nm [ZngJFee) POy nanopasti-
ches. The inset shows the FFT patern. ¢, d) TEM imagesof 15 nm
([En by _ ) Fey0y ) and [FryFey PO, (d) namoparcles poale bar:
3 nmj. ¢ Photograph showing that the gynthesis of 15 nm
[EngaFes ) Fesldy nanopartiches can be scaled up toca 10 g
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All-in-One Target-Cell-Specific Magnetic Nanoparticles for
Simultaneous Molecular Imaging and siRNA Delivery**
Jae-Hyun Lee, Kyuri Lee, Seung Ho Moon, Yuhan Lee, Tae Gwan Park,* and Jinwoo Cheon*

There has been consderable interest in the development of &
variely of funclional inorganie nsnoparlicles thal can be
applied in biomedical technologies, including nanothe mpeu-
ey, disgnostics, biosensors, and medical imaging™ Of
particular dgnificance is the wse of magnetic nanoparicles
for magnelic resonance imaging (MRI), cell and protein
separalion, heal generalion, and magne tim-induced celular
mechanaransduction ™ The emse of the synthesis of mag-
nelic nanoparticles and subsequent surface modifications. 1o
introduce additional therapeutic and dagnostic functional-
ities hes enabled these systens o be employed = sman
nanomedicines thal meorporate combinations of different
compmentat™ Vadous cellspecific targeting, imaging, and
thempeutic funmclions can be i d o a single
magnelic nanoparticle which is designed for dnmul taneous
diagnostic and therapeutic use, withowl losing the individual
properties of each component.

It known that synthe tie small miedenng BMA (3iRNA)
can inhibit specific prolein expression by suppressing a Larget
gene selectively al the postiranscriptional mENA level by a
mechanim called RNA intederence {RNAL® s RNAS have
been studied extensdvely o treal vadous genelic diseases
including cardiovascular dieases and varous cancers™ The
development of approprisie carrier sysiems s crucial lor
practical apphcations of siRNAs & therapeutica However,
many @ RNA-carrer systems, including cationde polyme s and
lipids, possess inherent deficiencies smsociated with Larget-
cell-specific gene nhibition and bdocompatibilit 5%
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A number o inorganic nanccrysalline matedals have
Ibeen emerging & polential § RNA cardersin sysiems devaad
for simultanecus imaging and themapeutic purposea™d Mag-
nelic nanoparticles are highly attractive platform materials
for siRNA delivery owing to their wnique properties which
include uniform size, bocompatiblity, superior imaging
characteritios, and facile surface modification Cellspecific
largeting siralegies for high-perfommance magnelic nano-
particles with dual | dia gnos tie and therapeutic) Tunctions also
include the immobd s tion of various Large specific moletie,
such s antibodies, small peplides thai can be recognired by
cells, and aptamers ™ In particular, Arg-Gily-Asp (RGD)
ooy wgailed nanoparticles bind strongly to o f, nlegrn, which
is ovenexpresad i both endothelial and specific cancer celk,
and internalise into the cells by receplor-medisied endocy-
sk, wheress RGD itsell does not promote the endosomal
escape of manoparticles into the cyloplzam ™!

In this study, we developed “all-in-one™ nanoparticle
probes for simultaneous delivery and mullimodsl imaging.
The magnelic nanoparticle probet were conjugated with
siRNAs cancer-cell-specific largeting maode ties, and fwones-
cenl dyer Our purpose in designing the muliifunctional
namoprobe was o enable highly accurale imaging 1o be
carried oul simulianecusly with the delivery of therapeics
Thi approach is clindcally important, as il can minimize
invasvendss and deletedous sde effecis As a result of the
ability of the probes o targel specific cells, sIRNAs will be
el oaded only nsade Large ted cells with ceftain recepion; the
disullfide hnkages between siRMAs and the nanoparticles
should be cleaved inside the cella In principle, it i possible 1o
monitor whe e the probes with thempeutics ane located in the
targeted aress More specifically, magnelic nanoparticles are
uselul for viswalizing the location and talicking of 8 RNA for
in vive spplications. However, the innate limil of spaiial
resolution in MRI (ca 100pm) makes it impossible 1o
monitor the miracellular iransfection of siRNA by MRL
For this resion, the fuorescent dye & required for sensilive
subeellular viwaliestion.

For the fabncation of multifunctions magnelic nano-
panicles, mangaese-doped magnelism-engineerad  imon
oxide (MoMEID) nanoparticles of 15nm in sie coated
with bovine serum albumin (B5A) were wed as the core
material (Fgurels) owing o ther high degree of size
monodispersty, the esse with which their surface can be
mishified, and ther higher magnetic moment than that of
other conventional iron oxide based magnetic nanopart-
clea™ The last property tmanslates into enhanced MRI
signala. For boconjugation and nanoparticle delivery mnio
the eytoplam of celk, cationized BSA with a pl (Boelectric
point) value of 6.1 was used "™ The primary amine groups of
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